Affinity reagents of high affinity and specificity are very useful for studying the subcellular locations and quantities of individual proteins. To generate high-quality affinity reagents for human Lyn tyrosine kinase, a phage display library of fibronectin type III (FN3) monobodies was affinity selected with a recombinant form of the Lyn SH3 domain. While a highly specific monobody, TA8, was initially isolated, we chose to improve its affinity through directed evolution. A secondary library of 1.2 × 10 9 variants was constructed and screened by affinity selection, yielding three variants, two of which have affinities of~40 nM, a 130-fold increase over the original TA8 monobody. One of the variants, 2H7, displayed high specificity to the Lyn SH3 domain, as shown by ELISA and probing arrays of 150 SH3 domains. Furthermore, the 2H7 monobody was able to pull down endogenous Lyn from a lysate of Burkitt's lymphoma cells, thereby demonstrating its utility as an affinity reagent for detecting Lyn in a complex biological mixture.
Introduction
Src family kinases (SFKs) are active participants of many cell signaling pathways [1] and have been implicated in a wide variety of diseases, especially cancer [2] . The SFKs consist of 8 members, Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, and Yes, in humans, and are likely the consequence of gene duplication [3] . Based on the sequence identity of the kinase domain [4] , SFKs can be grouped into two subgroups (Fig 1A) : the Src A group (i.e., Fgr, Fyn, Src, and Yes) and the Src B group (i.e., Blk, Hck, Lck, and Lyn). One member, Lyn, is expressed in hematopoietic cells [5] , where it plays an important role in regulating the activation of mast [6] and B cells [7] , apoptosis [8] , and wound response [9] . Elevated expression and activity of Lyn have also been associated with several types of cancers [10, 11, 12] and autoimmune diseases [13] .
Recombinant affinity reagents have great utility in ongoing cell biology research. They are commonly based on antibody fragments, such as human single-chain Fragments of variable regions (scFvs) [14] , fragments of antigen binding (Fabs) [15] , or single-domain antibody fragments [16] . Alternative scaffolds, such as affibodies [17] , lipocalins [18] , designed ankyrin repeat proteins (DARPins) [19] , and fibronectin type III (FN3) monobodies [20] , are growing in popularity due to their favorable biochemical characteristics [19, 21] . Large libraries of engineered scaffolds can be screened effectively through bacterial display [22] , phage display [23] , mRNA display [24] , ribosome display [25] , and yeast display [26] . As sequenced reagents, they offer renewability and opportunities for engineering, unlike most monoclonal and all polyclonal antibodies [27] . The FN3 monobody is 94 amino acids in size and contains seven betastrands, which fold into a structure resembling the variable domain of the immunoglobulin heavy chain [20] . The FN3 scaffold has been engineered for binding to a wide variety of targets, such as ubiquitin [28] , estrogen receptor [29] , lysozyme [30] , streptavidin [31] , human small ubiquitin-like modifier (SUMO) [32] , phosphorylated IκBα peptide [33] , Abl SH2 domain [34] , and EphA2 [35] .
Several recombinant affinity reagents of FN3 scaffold have been generated to members of the SFKs. Monobodies, which have been generated to the Src Homology 3 (SH3) domain of Src and Fyn, have been used as a biosensor of kinase activation [36] and as a reagent for biochemical assays [37] , respectively. As no such recombinant reagent existed for Lyn, we set out to identify a tight and selective binder that could pull down the endogenous protein of human cells. Affinity selection of a phage library of FN3 monobodies led to the identification of several binders, one of which was improved 130-fold in affinity by mutagenesis, without loss of specificity. One affinity-matured monobody, 2H7, was used to pull down endogenous Lyn kinase from cultured Burkitt's lymphoma cells. Such a reagent offers utility in future applications such as biosensors and diagnostics.
Materials and Methods
Bacterial strains, plasmids, and phagemids )/ ung-1 relA1 dut-1 thi-1 spoT1 mcrA) from New England BioLabs (Ipswich, MA), which lack functional dUTPase and uracil-N glycosylase, were used for generating single-stranded DNA (ssDNA) template that contained uracil inserted in the place of thymine residues. Such uracilated ssDNA was used for Kunkel mutagenesis [38, 39] . Plasmids derived from pGEX-2T, pKP300 [40] , and pET14b were used for overexpressing proteins fused to glutathione-S-transferase (GST), alkaline phosphatase [41] , and yeast small ubiquitin-like modifier (SUMO), respectively. The FLAG epitope, DYKDDDDK, was fused to the N-terminus of the FN3 coding region in the pKP300 phagemid, thereby permitting detection of the phage-displayed FN3 domain with an anti-FLAG monoclonal antibody (Sigma-Aldrich; St. Louis, MO, # F1804). The phagemid pHEN4 [31, 42] was used for constructing the primary phage-display library, and the phagemid pKP300 [43] was used for constructing the secondary library.
Protein overexpression and purification
The procedures for overexpressing SUMO and GST fusion proteins of SH3 domains were described previously [43] . For expressing alkaline phosphatase fusion proteins of the FN3 monobodies, BL21-DE3 cells (Novagen) containing the expression constructs were used to inoculate 300 mL low phosphate medium [40] with 50 μg/mL carbenicillin, and incubated at 30°C at 270 rpm for 24 hours (h). Fusion proteins of SUMO and alkaline phosphatase were purified by immobilized metal affinity chromatography (IMAC) with nickel-nitriloacetic acid (Ni-NTA) resin (Qiagen; Valencia, CA, # 30250). For purification of the GST-SH3 proteins, clarified bacterial cell lysates were incubated with GST-bind resin (GE Healthcare Life Sciences; Piscataway, NJ, # 17-0756-01), and the captured fusion proteins were purified, as described elsewhere [44] .
Affinity selection of the primary FN3 library
The construction of the FN3 gene and the primary phage library was detailed in a previous study [31] . The GST-Lyn SH3 domain was chemically biotinylated [45] with the EZ-link NHS biotinylation kit (Thermo Fisher Scientific; Waltham, MA, # PI-21217) and used as a target for three rounds of affinity selection. All of the affinity selection steps were performed at room temperature, according to a published protocol [31] . After the third round of selection, bacterial single colonies were picked for phage amplification, followed by phage enzyme-linked immunosorbent assay (ELISA) to identify binders to the Lyn SH3 domain. Clones that yielded The sequences of the SH3 domains of the human SFKs are aligned to reveal their amino acid identity relative to the Lyn SH3 domain; residues conserved among the SFKs members are highlighted in green columns and dashes are inserted to maximize the sequence alignment. The histidine residue (H30) that is unique to the n-Src loop of the Lyn SH3 domain is highlighted by a red square. a positive ELISA signal were sequenced and further characterized by enzyme-linked binding assays (ELBA).
ELBA and ELISA
Binding of virions and overexpressed monobodies was monitored in microtiter plate wells, as described previously [43] . An ELBA was performed, with published protocols [31, 43] , to evaluate the specificities of clones isolated from the primary library. This was accomplished through several steps, which are briefly described here. First, GST fusions to the SH3 domains of Lyn, Hck, Src, and Yes were diluted in phosphate buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) to 5 μg/mL and distributed to triplicate wells of a Nunc Maxisorp microtiter plate (Thermo Fisher Scientific, # 44240421), for overnight incubation at 4°C. As controls, bovine serum albumin (BSA) and the anti-FLAG antibody (Sigma-Aldrich) were added to separate wells. The next day, the non-specific binding sites in the wells were blocked with casein (Thermo Fisher Scientific, # PI-37528) for 1 h, followed by addition of FN3-alkaline phosphatase fusion protein of TA1, TA7 and TA8 that had been diluted to 5 μg/ mL in PBS containing 0.1% Tween 20. After 1 h incubation shaken at 200 rpm, the microtiter plate was washed five times with PBS + 0.1% Tween 20 and loaded with a chromogenic substrate, para-nitrophenyl phosphate (pNPP; Sigma-Aldrich, # N9389). The resulting absorbance was measured at 405 nm with a microtiter plate spectrophotometer (BMG Labtech; Cary, NC).
For assessing the specificities of three TA8 variants, 2H7, 2H10 and 3C12, phage ELISA was performed. First, a Nunc microtiter plate was first coated with SUMO-SH3 domains of Lyn, Hck and Btk at 5 μg/mL. The blocking reagent of casein served as the negative control. The ELISA assay was performed as described [43] , and it was run in triplicate. Similar phage ELISA was performed for evaluating the specificity of 2H7 to the SH3 domains of all SFKs. In this assay, 1F11, a monobody that binds to several SFKs SH3 domains [31] , was included to assess the quality of the immobilized SH3 domains. An anti His 6 -tag antibody conjugated to horseradish peroxidase (HRP) (Sigma-Aldrich, # A7058) was also included to normalize the amount of SH3 domain proteins immobilized in the microtiter plate wells.
Comparing the binding site of monobodies relative to a peptide ligand
To determine if the isolated monobodies bound to the Lyn SH3 domain at the same location used to bind a proline-rich peptide [46] , competition assays were devised. For TA8 monobody, an ELBA was performed with the purified fusion protein of the TA8-alkaline phosphatase. The GST-Lyn SH3 domain was immobilized on the surface of the Nunc plate wells by coating the wells with 5 μg/mL protein at 4°C overnight. After blocking, a proline-rich peptide, GMPTPPLPPRPANLGERQA, corresponding to a portion of the tyrosine kinase interacting protein (Tip) of herpesvirus saimiri, was added over a range of concentrations (0.1 μM to 40 μM), along with the TA8-alkaline phosphatase fusion to the wells. After 1 h incubation, the wells were washed with PBS + 0.1% Tween 20, and the TA8-alkaline phosphatase retained in the wells was detected with the chromogenic substrate, pNPP. The resulting absorbance was measured at 405 nm wavelength with a microtiter plate spectrophotometer. In parallel experiments, negative controls were a peptide (GMPTAPLAPRPANLGERQA) segment of Tip, in which two proline residues were substituted with alanine residues, and a third non-related peptide (DYKDDDDKLTVYHSKVNLP) of the same length. The signal at a particular competition point was divided by the signal of the wells without competing peptide, converted to percentage, and plotted against the molar concentration of the peptide used for this competition assay. For the 2H7 monobody, a similar competition experiment was performed except for two differences: first, it was a phage ELISA instead of an ELBA, and second, there were only two peptides used in the competition experiment (Tip and its control peptide) with the concentration range of the added peptides being 0.1 μM to 100 μM.
Probing SH3 domain arrays
For probing the arrays with monobodies TA8 and 1F11, four polyvinylidene fluoride (PVDF) membranes, spotted with 150 human SH3 domains, were purchased from Panomics (Santa Clara, CA). The 150 human SH3 domains, overexpressed in E. coli as GST fusion proteins, were spotted in duplicate on four arrays, which were processed according to the manufacturer's instructions, except that purified fusion proteins of FN3-alkaline phosphatase were used in lieu of primary and secondary reagents. After overnight incubation with 1 nM fusion protein at 4°C, the arrays were washed 10 times with PBS + 0.1% Tween 20, and then incubated with a substrate for enhanced chemifluorescence (GE Healthcare Life Sciences, # RPN2106). The four arrays were scanned simultaneously with a blue fluorescence filter on the Storm 860 PhosphorImager (GE Healthcare Life Sciences). The signal intensities of the spots were quantified with ImageQuant (GE Healthcare Life Sciences). Probing assay for the 2H7 monobody was similarly performed, except that the image was obtained with the Odyssey Fc imager (LI-COR Biosciences; Lincoln, NE). The signal intensities were quantitated with Image Studio Lite 4.0 (LI-COR Biosciences).
Alanine scanning experiments
To determine the binding contribution of each amino acid residue in the variable loops of TA8, alanine scanning was performed [47] , in which TA8 mutants with the alanine replacement were created with Kunkel mutagenesis [39] . Bacteria containing ten different TA8 mutants were inoculated into low phosphate media [40] for protein expression and purification with Ni-NTA resin (Qiagen). Purity of the purified protein samples was determined by sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) and their concentrations were determined by the Bradford assay [48] . ELBA was performed as described above for the peptide competition experiment and data were normalized to the binding of the wild-type TA8 monobody. The anti-FLAG antibody was used to normalize the amount of FN3-alkaline phosphatase fusion proteins present in the microtiter plate wells.
Affinity maturation of TA8 monobody
A mutagenic library of TA8 monobody was constructed by Kunkel mutagenesis [39] . Briefly, a pKP300 phagemid [40] carrying the FN3 gene fused to the N-terminus of a truncated gene III of M13 bacteriophage was transformed into CJ236 cells for isolating uracilated single-stranded DNA (ssDNA). Two mutagenic oligonucleotides (IDT DNA; Coralville, IA), containing NNK codons for 6 selected residues (three per loop), were phosphorylated and annealed to the ssDNA template, which was converted to double-stranded DNA (dsDNA) in vitro. The resulting dsDNA was introduced into TG1 competent cells (Lucigen) by electroporation, and after recovery for 30 min at 37°C and 200 rpm, the recovered cells were spread on the 2 × YT agar plate with 50 μg/mL carbenicillin for overnight incubation at 30°C. The next day, to estimate the diversity of the library, the number of total transformants was calculated and sixteen transformants were randomly picked for sequencing to determine recombination rate.
The bacterial mutant library of TA8 was amplified as described elsewhere [39] . Virions from overnight culture were pelleted with polyethylene glycol (PEG) 8000, and resuspended in Tris-buffered saline (TBS; 50 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing 0.5% Tween 20 (volume/volume) and 0.5% bovine serum albumin (BSA; mass/volume). The virions were then mixed with the biotinylated Lyn SH3 domain (300 nM, final concentration) and the non-biotinylated SH3 domain of Hck and Bruton's tyrosine kinase (Btk) (both at 600 nM final concentration). After 1 h incubation, streptavidin-coated magnetic beads (Promega; Madison, WI, # Z5482) were added to capture virion/protein complex. Beads were collected with a magnet, washed 7 times with PBS + 0.5% Tween 20, and 7 times with PBS + 0.1% Tween 20 that was supplemented with non-biotinylated proteins of 300 nM Lyn SH3 domain, 10 μM Btk SH3 domain and 2.4 μM of Hck SH3 domain. The steps of recovering bound virions, infecting TG1 cells, collecting infected cells, and amplifying the virions were performed as described previously [43] . The second round of affinity selection was carried out in the same manner, except the concentration of the biotinylated target protein of the Lyn SH3 domain was reduced to 3 nM.
Isothermal titration calorimetry (ITC)
SUMO fusion proteins of FN3 monobodies and the Lyn SH3 domain were purified to homogeneity of > 95% and dialyzed against 4 liters (L) of 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 100 mM imidazole. After the first round of 2 h dialysis, the protein samples were transferred to another 4 L of fresh dialysis buffer, and after another 2 h, they were transferred again to 4 L of fresh buffer for overnight dialysis. The next morning, the protein concentrations of dialyzed samples were measured with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The protein samples were then degassed by bench top centrifugation at 16,000 × g for 1 min and added to the sample cell (200 μL) and syringe (40 μL) of an ITC200 instrument (GE Healthcare Life Sciences). The Lyn SH3 domain was loaded into the sample cell at 50 μM and FN3 monobodies were loaded into the syringe at 500 μM. The reference cell was loaded with water. FN3 monobodies were injected into the cell at 2 μL per injection at 25°C, with a reference power of 10 μcal/s. The heat change of each injection was recorded and analyzed with Origin software (GE Healthcare Life Sciences).
Cell culturing and pull-down experiment
The Ramos cell line of Burkitt's lymphoma cells was purchased (ATCC; Manassas, VA, # CRL-1596), and propagated according to the distributer's instructions. The cells were passaged in culture plates every two days, and after three passages,~4 x 10 5 cells were harvested. Collected cells were lysed in 200 μL of RIPA buffer (25 mM Tris-HCl of pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium deoxycholate sulfate), which had been supplemented with 1% Triton and protease inhibitors (Roche Life Sciences; Indianapolis, IN, # 11873580001). After incubation on ice for 2 h, the lysate was clarified by centrifugation at 16,000 × g for 10 min. The final supernatant was divided into two equal aliquots (i.e., 100 μL) and each was mixed with 1.5 nanomole of biotinylated form of either the 2H7 or the wild-type FN3 (WT-FN3) monobody and incubated overnight at 4°C. The next morning, streptavidincoated magnetic beads (Promega) were washed three times with PBS, blocked for 30 min with casein (Thermo Fisher Scientific), and added to the mixtures of the biotinylated monobodies and cell lysate. After 30 min tumbling at room temperature, the magnetic beads were collected in a magnetic stand and washed four times with the RIPA + 1% Triton. The washed beads were resuspended in 30 μL of the SDS loading buffer and boiled at 95°C for 10 min. The boiled samples, separated from the magnetic beads, and 170 femtomole of recombinant Lyn kinase (Invitrogen; Carlsbad, California, # P2907) were loaded to SDS-PAGE gel for electrophoresis. The resolved proteins were transferred to the nitrocellulose membrane for Western blotting. After the transfer, the nitrocellulose membrane was rinsed once with distilled water and blocked for 1 h with a blocking buffer (LI-COR Biosciences, # 927-40000), followed by addition of an antiLyn mouse monoclonal antibody (Santa Cruz Biotech; Santa Cruz, CA, # sc-376100) for 1 h incubation. After several washes, the blot was incubated with a goat anti-Mouse IgG conjugated to infrared dye IRDye 800 (LI-COR Biosciences, # 925-32210). Then blot was washed three times with PBS + 0.1% tween and scanned with the Odyssey Fc imager (LI-COR Biosciences).
Kinase assay
The kinase assay was performed with a Beacon Tyrosine kinase assay kit (Invitrogen, A-35725) according to the manufacturer's instructions. The kinase buffer was prepared by supplementing the provided buffer with dithiothreitol (DTT) (Final concentration: 2 mM) and dimethyl sulfoxide (DMSO) (Final concentration: 0.1%). In the kinase buffer, Dasatinib (Final concentration: 10 μM; Selleck Chemicals; Houston, TX, # S1021), 2H7 and wild-type FN3 (WT-FN3) (Final concentration for both: 7.5 μM) were mixed with Lyn kinase (final concentration: 105 nM; Invitrogen, # P2907). The mixture was incubated at 4°C for 30 min and then at room temperature for 20 min. The detection complex was prepared by mixing the Oregon green, an anti-phosphopeptide antibody and a peptide substrate. As a positive control (highest fluorescence signal), the anti-phosphopeptide antibody was excluded in the reaction, as a negative control (lowest fluorescence signal), the recombinant Lyn kinase was excluded in the reaction. The detection complex was added to the mixtures prepared above, followed by 10 min incubation at 30°C and then the addition of ATP. After another 12 min incubation at 30°C, each reaction was loaded into three adjacent wells of a non-binding microtiter plate (Corning; New York, NY, # 3915) and scanned by POLARstar OPTIMA plate reader (BMG LABTECH).
Results

Conserved structure of SFKs and sequence alignment of their SH3 domains
SFKs is a conserved family of tyrosine kinases ( Fig 1A) and its members are highly similar in overall structure, which consists of an N-terminal unique domain, a SH3 domain, a SH2 domain, a proline-rich linker, a kinase domain and a C-terminal tail that contains a conserved tyrosine residue (Fig 1B) . Each individual domain is highly conserved among the family; for example, the SFKs SH3 domains share 50% to 72% amino acid identity with the Lyn SH3 domain (Fig 1C) . This degree of conservation makes it challenging to generate a recombinant affinity reagent that is specific for Lyn.
Isolation of monobodies binding to the Lyn SH3 domain
A primary phage library containing 2 × 10 9 FN3 variants [31] was screened for clones binding to the SH3 domain of Lyn kinase. Three rounds of affinity selection were performed, yielding three monobodies, TA1, TA7 and TA8. These three monobodies were prepared in soluble form and examined in an enzyme-linked binding assay (ELBA), which revealed that while all three bound the Lyn SH3 domain well, TA1 and TA7 cross-reacted with Hck SH3 domain (Fig  2A) , and TA8 bound selectively to the Lyn SH3 domain, but not to the SH3 domains of Hck, Src and Yes kinases (Fig 2A) . Interestingly, unlike the canonical proline-rich motif (PxxP) present in many SH3 domain-binding peptides [49, 50, 51] , all three monobodies lack PxxP motifs (Fig 2B) in their variable BC and FG loops (highlighted in blue of Fig 2C) . Based on the initial demonstration of its specificity for the Lyn SH3 domain, monobody TA8 was selected for further characterization.
Characterization of the TA8 monobody
As there are 296 SH3 domains in the human proteome [52] , it was desirable to test the specificity of the TA8 monobody against a much larger number of SH3 domains than we originally tested. To that purpose, we probed TA8 against commercially available arrays of 150 human SH3 domains. TA8 demonstrated an amazing degree of specificity, as it bound principally to the Lyn SH3 domain, and exhibited minimal cross-reactivity to the SH3 domains of Hck and Btk (Fig 3A) . To demonstrate that other SH3 domains on the arrays were still functional, a pan-specific monobody, 1F11 [31] , was used to probe the arrays and it revealed that 1F11 reacted with 36 different SH3 domains, including 7 of the 8 SFKs (S1 Fig) . While TA8 was shown to be highly selective, it must possess sufficient affinity (e.g., 60-250 nM) for it to be useful in pull-down experiments [31, 53] . To determine if TA8 monobody met this requirement, it was overexpressed, purified, and used in isothermal titration calorimetry (ITC) experiments [54] . Five measurements yielded an average dissociation constant (K D ) of 5.5 ± 0.8 μM; a typical ITC result is shown in Fig 3B. This value is similar to those of peptide ligands for binding to SH3 domains [49] . As this value was considered insufficient for pulldown experiments, affinity maturation experiments were deemed necessary to improve its affinity.
Design and construction of a secondary library
As the TA8 monobody exhibited an impressive specificity towards the Lyn SH3 domain, we decided to randomize only residues in the variable loops that were not crucial to binding. To identify such positions, alanine scanning was performed [47] . Two residues were demonstrated to be not crucial for binding: when either Gln in BC loop or Ser in FG loop was replaced with alanine, the variants retained 56% and 77% binding of the wild-type clone (Fig 4A) , respectively, and, therefore, these two residues were chosen for randomization. To increase the sequence diversity of the secondary library, another four flanking residues (Ala and Pro of BC loop and Ser and Lys of FG loop), which had not been diversified in the original TA8 clone, were also randomized (Fig 4B) . A secondary library was constructed through Kunkel mutagenesis [38, 39] . Sixteen clones of the 2.2 × 10 9 transformants were selected for sequence analysis: 9 clones had mutations in both the BC and FG loops, suggesting that our secondary library had a diversity of 1.2 × 10 
Affinity selection of the secondary library and characterization of output
Affinity selection of the secondary library with the Lyn SH3 domain was performed in the presence of excess soluble forms of Hck and Btk SH3 domains, which previously exhibited some cross-reactivity with the TA8 monobody. After two rounds of affinity selection, 184 clones were selected for phage ELISA, of which 65% had three-fold higher values to the Lyn SH3 domain than the original TA8. The best eight clones were selected for further evaluation, of which three (i.e., 2H7, 2H10 and 3C12) bound with the highest signals, while retaining their specificity for the Lyn SH3 domain (Fig 5A) . Although all three variants have different sequences in their loops (Fig 5B) , one position (TRPSISK) in the FG loop seemed to favor arginine or lysine (K/R), whereas at another position (TRPSISK) glycine appeared preferred. Clone 2H7 was picked for further evaluation. In phage ELISA, 2H7 bound only to the SH3 domain of Lyn out of all eight SFKs (Fig 5C) . In contrast, the wild-type FN3 (WT-FN3) monobody did not bind to any SH3 domain, and the pan-specific monobody, 1F11 [31] , bound to the SH3 domains of seven members of the SFKs. The above results suggest that 2H7 monobody specifically reacts with the Lyn SH3 domain, but not with any other SH3 domains of the SFKs. To evaluate the specificity of 2H7 clone further, the 2H7 protein was used to probe arrays of 150 human SH3 domains. The relative quantitation of binding showed that 2H7 bound to the Lyn SH3 domain at least 3-fold stronger than to any of the other 149 SH3 domains examined. Besides reacting with Lyn SH3 domain, 2H7 exhibited some cross-reactivity to the SH3 domains of Y124, Tec, Grb2-D2, PEXD, and Btk (listed in the order of signal intensity from high to low) as seen in Fig 6A. To determine the K D values of the 2H7 and 3C12 to the Lyn SH3 domain, ITC was performed. The K D values of 2H7 and 3C12 for the Lyn SH3 domain were 40 ± 15 nM and 42 ± 10 nM (Fig 6B) , respectively. The observations that 2H7 and 3C12 had similar K D values and both had the same mutations in their FG loops suggest that the mutations in the FG loops, but not those in BC loops, are the main contributor to the increase in their affinities.
Comparing the binding site of monobodies relative to a peptide ligand
Many SH3 domains, including the Lyn SH3 domain, interact with proline-rich (PxxP) peptide regions within other proteins [46, 51, 55, 56] . The SH3 domains bind to the PxxP sequences via a shallow groove that contains two binding pockets, one for each conserved proline residue [57, 58] . As determined by nuclear magnetic resonance (NMR), the Lyn SH3 domain (Fig 7A) contains a similar groove that interacts with a class-II PxxP peptide (GMPTPPLPPRPANL GERQA) within the tyrosine kinase interacting protein (Tip) of herpesvirus saimiri [46] . To determine if TA8 and its variant, 2H7, bound the same location on the Lyn SH3 domain as the Tip peptide, competition assays were performed. The Tip peptide competed with both TA8 and 2H7 for binding to the Lyn SH3 domain (Fig 7B and 7C ) in a concentration-dependent manner, implying that both TA8 and 2H7 bind to the same or overlapping region on the Lyn SH3 domain as the Tip peptide does.
The NMR derived three-dimensional structure of Tip peptide with Lyn SH3 domain shows that the C-terminal sequence of Tip peptide (GMPTPPLPPRPANLGERQA, highlighted in red in Fig 7A) interacts with a groove (a region close to the cyan-highlighted H30 in Fig 7A) of the Lyn SH3 domain that is outside the canonical proline-binding pockets. This interaction contributed to the higher specificity of Tip peptide towards the Lyn SH3 domain among the closely related members of SKFs [59] . In the competition ELBA of TA8, the Tip control peptide (GMPTAPLAPRPANLGERQA), which still has the same C-terminal sequence of the Tip peptide, moderately competed with TA8 for binding to the Lyn SH3 domain (Fig 7B) . This observation suggests that the TA8 may also interact with this non-canonical region [60] on the Lyn SH3 domain and this interaction may also account for how TA8 achieves its specificity to the Lyn SH3 domain among SFKs, as the Tip peptide does. Pull-down experiment and kinase assay To test if 2H7 was able to bind endogenous Lyn kinase in human mammalian cells, Burkitt's lymphoma cells (Ramos cells) [61] were cultured and the clarified lysate was incubated with biotinylated form of the 2H7 or wild-type FN3 (WT-FN3) monobody. Protein complex was then pulled down with streptavidin-coated magnetic beads and analyzed by Western blot. A recombinant full-length Lyn was included as a positive Western-blot control and the Lyn proteins were detected on the blot with a commercial anti-Lyn antibody. Compared to the WT-FN3, 2H7 was able to pull down the Lyn protein (Fig 8) , demonstrating its potential utility, in combination with LC-MS/MS [62] , for identifying proteins that interact with Lyn in mammalian cells.
For using 2H7 monobody to study Lyn kinase, it was also desirable to determine if 2H7 interfered with its kinase activity. As shown in Fig 9, compared to the wild-type FN3 (WT-FN3) and the non-treated Lyn kinase, 2H7 did not reduce or increase the kinase activity of the Lyn. In contrast, Dasatinib, a drug that is used for treating chronic myelogenous leukemia and has a half maximal inhibitory concentration (IC 50 ) of 8.5 nM against Lyn [63] , completely inhibited Lyn kinase activity at the concentration of 10 μM.
Discussion
Due to the limitations associated with conventional antibodies [64, 65] , there is a growing demand for recombinant affinity reagents with high specificity and affinity. In vitro display technologies, such as phage display, allow engineering such reagents for desired specificity and The NMR structure of the Lyn SH3 domain in complex with a peptide segment of the tyrosine kinase interacting protein (Tip) of herpesvirus saimiri (PDB: 1WA7). The peptide and SH3 domain are shown as a stick structure and a surface structure, respectively. In the Tip peptide (GMPTPPLPPRPANLGERQA), two underlined proline residues are shown in purple and the underlined C-terminal sequence is shown in red. In the surface structure of Lyn SH3 domain, the Histidine-30 residue is highlighted in cyan. (B) Competition ELBA between the Tip peptide and TA8 monobody for binding to the Lyn SH3 domain. Two control peptides were used in the assay, the Tip control and a non-related peptide of the same length. The sequence of Tip control peptide is GMPTAPLAPRPANLGERQA, in which the two proline residues were both replaced with a alanine residue (underlined). The non-related peptide is another 19-mer peptide with an unrelated sequence (DYKDDDDKLTVYHSKVNLP). affinity to fulfill various applications. In this study, a recombinant FN3 monobody of high specificity and affinity was generated by affinity maturation with phage display. Through one round of mutagenesis, the affinity of the TA8 monobody was increased by more than 130-fold from 5.5 μM to 40-42 nM, but without losing its specificity for the Lyn SH3 domain.
Our success of dramatically improving the affinity of TA8, while preserving its specificity, can be possibly credited to the following reasons. First, its secondary library is large (1. ). Second, inclusion of the SH3 domains of Hck and Btk in the affinity selection may have removed cross-reactive variants. Third, the secondary library was constructed by randomizing only the residues of variable loops that were identified as noncrucial for binding. We reasoned that as the original TA8 clone had already exhibited remarkable specificity, mutations to crucial binding residues might dramatically alter the specificity. Fourth, besides the two non-crucial residues, the mutations of four residues flanking the original variable loops (i.e., Ser to Gly mutation in the FG loop), may have created extra contact sites that have contributed to the affinity increase.
In contrast to other proline-rich peptides isolated by phage display [66, 67, 68] , TA8 monobody achieved a remarkable specificity towards the Lyn SH3 domain and understanding its mechanism may aid future efforts for engineering specific ligands to SH3 domains. Many natural ligands to SH3 domains achieve high specificities by interacting with a region outside of the canonical proline-binding pockets [60] , and TA8 monobody may have achieved its specificity through a similar mechanism. This hypothesis is supported by the following evidence. First, the competition ELBA suggests that TA8 binds to a region outside of the proline-binding pockets on the Lyn SH3 domain. Second, this non-canonical region of the Lyn SH3 domain contains a Histidine residue (H30; Red squared in Fig 1C and highlighted in cyan Fig 7A) that is unique to Lyn among the 8 SFKs and interaction with this residue contributed to the higher specificity of Tip peptide towards the Lyn SH3 domain among SKFs [59] . Third, in another study, by targeting this unique histidine residue of Lyn SH3 domain, a synthetic peptide ligand was engineered to specifically recognize the Lyn SH3 domain over other SH3 domains [69] .
In a previous publication [36] , a monobody has been reported for recognizing the activated form of Src kinase by binding to its SH3 domain. In contrast to this finding, 2H7 did not exhibit any preferential binding to Lyn when it was activated (data not shown) by hydrogen peroxide [70] . Even more surprisingly, the monobody displayed preferential binding to the Lyn kinase when it was inhibited by Dasatinib ( S2 Fig) or when it was inactivated by heat treatment (S3 Fig). The above observations are consistent with the two findings regard to the role of SH3 domain in regulating kinase activities of Src and Lyn. In one study [71] , removal of the SH3 domain increases Src kinase activity, suggesting the intramolecular interaction between SH3 domain and other portions of the Src protein reduces its kinase activity [72, 73] . In contrast, in the second study [74] , removal of Lyn SH3 domain decreases its kinase activity, suggesting that the Lyn SH3 domain may act to enhance or maintain the kinase activity of Lyn. Taken together, these findings and our observations suggest that although Lyn and Src kinases have highly similar structures, their SH3 domains may play opposite roles in regulating their kinase activities.
As monobodies can be expressed in mammalian cells [37, 75] , the 2H7 monobody can be potentially used for many biological assays. For example, it can be potentially expressed in cells to pull down endogenous Lyn and identify interacting proteins through mass spectrometry, as what was done in a similar study [34] . This type of assay will be especially useful for identifying Fig 9 . The 2H7 monobody did not perturb the kinase activity of Lyn. The kinase assay was performed with a Beacon Tyrosine kinase assay kit (Invitrogen), according to the manufacturer's instructions. The assay with wild-type FN3 (Lyn + WT-FN3) was a non-perturbed control and the assay with Dasatinib (Lyn + Dasatinib) was a kinase-inhibited control. The assay with the Lyn kinase protein without any inhibitor or monobodies present served as the non-treatment control. Two internal controls of the assay were also included: when an anti-phosphopeptide antibody was excluded in the assay, a maximum fluorescence signal was observed (i.e., positive control), and when the recombinant Lyn protein was excluded in the assay, the lowest fluorescence signal was observed (i.e., negative control). Error bars are the standard deviations of triplicate measurements. proteins that interact with Lyn through the unique domain [76] or SH2 domain [77, 78] . In addition, although 2H7 did not perturb the Lyn kinase activity (Fig 9) , it can still be used to disrupt the interactions between the SH3 domain with other cellular proteins, as shown by two previous studies [37, 66] .
An affinity reagent has to possess sufficient affinity and specificity to be useful in a biological assay. While there are many reported studies of improving affinities and specificities of the antibodies or other affinity reagents, a majority of those studies focus on either engineering affinities [79, 80, 81, 82, 83] or specificities of the reagents [84, 85] . There are only a handful of studies that address both affinities and specificities of the reagents simultaneously [86, 87] . In this study, we have utilized affinity selection of primary and secondary libraries to generate a monobody that binds to the Lyn SH3 domain with excellent affinity and specificity. This approach can be applicable for engineering the affinities and specificities of other affinity reagents, including antibodies or other alternative scaffolds.
Supporting Information monobody preferentially bound to the drug-inhibited Lyn. Protein of 2H7 monobody was immobilized on the microtiter plate, followed by blocking of the non-specific sites and addition of a recombinant GST-Lyn protein, with or without 10 μM Dasatinib, a Federal Drug Administration-approved inhibitor of BCR-ABL for treating chronic myelogenous leukemia [88] . The Dasatinib also inhibits Lyn kinase with an IC 50 value of 8.5 nM [63] . An anti-GST antibody conjugated to horseradish peroxidase (Anti-GST HRP) was used to detect the GST tag. GST protein itself served as a negative control. The error bars are the standard deviations of triplicate measurements. 
